Spinocerebellar ataxia 6 (SCA6), an autosomal dominant degenerative disease, is characterized by diplopia, gait ataxia, and incoordination due to severe progressive degeneration of Purkinje cells in the vestibulo-and spinocerebellum. Ocular motor deficits are common, including difficulty fixating on moving objects, nystagmus and disruption of smooth pursuit movements. In presymptomatic SCA6, there are alterations in saccades and smooth-pursuit movements. We sought to assess functional and structural changes in cerebellar connectivity associated with a visual task, hypothesizing that gradual changes would parallel disease progression. We acquired functional magnetic resonance imaging and diffusion tensor imaging data during a passive smooth-pursuit task in 14 SCA6 patients, representing a range of disease duration and severity, and performed a cross-sectional comparison of cerebellar networks compared with healthy controls. We identified a shift in activation from vermis in presymptomatic individuals to lateral cerebellum in moderate-to-severe cases. Concomitantly, effective connectivity between regions of cerebral cortex and cerebellum was at its highest in moderate cases, and disappeared in severe cases. Finally, we noted structural differences in the cerebral and cerebellar peduncles. These unique results, spanning both functional and structural domains, highlight widespread changes in SCA6 and compensatory mechanisms associated with cerebellar physiology that could be utilized in developing new therapies. Figure 6 . Percent change in DTI metrics of pathways of interest in healthy controls and SCA6 cases. FA, fractional anisotropy; MD, mean diffusivity; L1, lambda 1; RD, radial diffusivity; CP, cerebral peduncle, SCP, superior cerebellar peduncle and MCP, middle cerebellar peduncle. Percentage values in presymptomatic cases are depicted in red, moderate cases in green, and severe cases in purple. Note that the larger effects seen in SCP are repeated with less magnitude in the CP.
Introduction
The autosomal dominant spinocerebellar ataxias (SCAs) constitute a genetically heterogeneous group of neurodegenerative disorders characterized by progressive motor incoordination, consisting of either isolated ( pure cerebellar) ataxia or ataxia with additional progressive neurological deficits (Maschke et al. 2005) . The worldwide prevalence of the SCAs is approximately 10/100 000. SCA, type 6 (SCA6), which is among the most common forms of autosomal dominant SCA represents about 31% of the dominant SCA cases in Japan and 15% of cases in the USA (Geschwind et al. 1997; Leggo et al. 1997; Schols et al. 1998; Matsumura et al. 2003) .
SCA6 is caused by a CAG repeat expansion in exon 47 of the CACNA1A gene, encoding the α1A (Cav2.1) subunit, the main pore-forming subunit of the neuronal P/Q-type voltage-gated calcium channel (Zhuchenko et al. (1997) and is one of several clinically distinct, but overlapping dominantly inherited neurological disorders caused by distinct mutations in this gene. Additionally, it is one of 10 neurodegenerative diseases that, like Huntington's disease, are associated with polyglutamineencoding CAG nucleotide repeat expansions, although the polyQ tract encoded by the CACNA1A gene has a normal range of only 4-18 and in SCA6 is expanded only to 19-33 repeats, considerably smaller than all other polyQ diseases. The age of onset of symptoms correlates inversely with the size of the expansion. SCA6 has been described as the prototype of a pure cerebellar ataxia (Gomez et al. 1997; Yang et al. 2000; Mantuano et al. 2003; Craig et al. 2004) , characterized primarily by Purkinje cell degeneration and cerebellar atrophy. In structural magnetic resonance imaging (MRI) of the brain, SCA6 demonstrates cerebellar atrophy affecting mostly the vermis and, to a lesser extent, the cerebellar hemispheres (Murata et al. 1998; Satoh et al. 1998; Butteriss et al. 2005; Lukas et al. 2006) . Neuropathological studies show a striking loss of cerebellar Purkinje cells with preservation of other brain regions although more recent reports suggest a more widespread involvement of cell loss (Seidel et al. 2012; Reetz et al. 2013) . Cortical or cerebello-olivary atrophy is occasionally noted but attributed to transynaptic degeneration due to loss of Purkinje cells (Koeppen 2005) . SCA6 is characterized by an adult onset, slowly progressive cerebellar ataxia, dysarthria, and nystagmus. Initial symptoms in SCA6 include gait unsteadiness, stumbling and imbalance in about 90% of individuals, with the remainder presenting with diplopia, oscillopsia, dysarthria, or episodic vertigo several years before the gait disturbance (Globas et al. 2008) . Symptoms progress slowly, and eventually all affected individuals have gait ataxia, upper limb incoordination, intention tremor, and dysarthria. Dysphagia and choking are common (Gomez et al. 1997) .
Multiple ocular motor deficits in SCA6 are also common (Gomez et al. 1997; Buttner et al. 1998; Ackl et al. 2005; Bour et al. 2008; Jacobi et al. 2012) , and may precede overt gait and limb ataxia (Oda et al. 2006; Christova et al. 2008) . Diplopia occurs in about 50% of individuals. Others experience visual disturbances related to difficulty fixating on moving objects, as well as horizontal gaze-evoked nystagmus (70-100%) and vertical nystagmus (65-83%), compared with fewer than 10% of those with other forms of SCA (Gomez et al. 1997) . Other eye movement abnormalities, such as periodic alternating nystagmus and rebound nystagmus, have also been described (Sasaki et al. 2003) .
A large-scale study including 107 SCA6 patients (Jacobi et al. 2012) showed that the disruption of smooth-pursuit movements had the highest prevalence (92.5%) of the ocular motor deficits. Additionally, by using sensitive eye movement recording techniques (Christova et al. 2008) , alterations in saccadic (velocity and metrics) as well as smooth-pursuit gain of eye movements in presymptomatic SCA6 subjects have been reported. Interestingly, both saccades and smooth-pursuit eye movements are known to place a high computational demand on the cerebellum, particularly the vermis (Konen et al. 2005 ).
Objective
In this study, we sought to assess functional and structural changes in cerebellar connectivity associated with a visual task.
We hypothesized that gradual changes in task-dependent cerebellar network connectivity would parallel progression of disease. To this end, we acquired diffusion tensor imaging (DTI) and functional imaging data during a passive smoothpursuit task in SCA6 patients and performed a cross-sectional comparison of cerebellar networks from individuals at different stages of disease.
Materials and Methods
Fourteen participants were recruited from The University of Chicago Ataxia Center and 20 age-matched control subjects (9 female/11 male, age range from 30 to 69 years, mean = 49.1 ± 11.91) were recruited from the local community. Individuals with preexisting severe psychiatric or other neurological illnesses were excluded. The diagnosis of SCA6 was established by genetic testing at a commercial laboratory according to standard methods (Athena Diagnostics, Wooster, MA). Clinical disease severity was estimated using a validated ataxia rating scale (SARAII) performed on the same day as the imaging study by a single examiner (C.M.G.) (Schmitz-Hubsch et al. 2006) . The age of onset of the 12 affected patients ranged from 44 to 60 years (mean = 50.9 ± 4.7) and disease duration ranged from to 1 to 31 years (mean = 12.3 ± 9.2). The SARAII rating scale scores ranged from 2.0 to 26 (mean = 14.1 ± 7.4). In addition 2 subjects, age 52 and 63, bore a pathological repeat expansion, but were presymptomatic (SARAII = 0). These subjects did not demonstrate balance problems and also exhibited a minimal number of oculomotor problems. The demographics for all SCA6 subjects are listed in Table 1 . SCA subjects were classified into 3 groups: "presymptomatic"-"early symptomatic" (SARAII 0-4), "moderate" (9-18), and "severe" (>18.5).
This study and all procedures for recruitment and consent were approved by the Institutional Review Board of the Division of Biological Sciences of The University of Chicago.
Assessment of Oculomotor Alterations
To assess severity of oculomotor deficits, the following signs and symptoms were determined during clinical evaluations: Symptoms: vertigo, diplopia, problems focusing, and oscillopsia. Signs: nystagmus, pursuits, saccades, and square wave jerks. For each subject, the number of symptoms and signs present were quantified for a maximum of 4 for each (Table 1) . This number was correlated with SARAII score using a Pearson's correlation. 
Imaging
Imaging was performed using a 3 T Philips scanner equipped with a SENSE head coil using higher order shims. Subjects were placed in the scanner, with head movement restricted by foam rubber pillows. Electrostatic headphones (Resonance Technologies, Northridge, CA) were placed on the ears and connected to a computer controlled stereo system. The computer was equipped with the PsyScope psychological software system (Cohen et al. 1993) , which was used to present the experimental stimuli. Functional scans were acquired while participants passively viewed a 5-min video that alternated between 20 s of rest and 20 s of visual stimuli. The visual stimuli showed different landscapes through the perspective of a walker as seen in the first person. Rest periods were visually neutral showing a static image of a starry sky on a black background. The visual stimuli were presented in videos and did not involve reflexive activity via vestibulo-ocular reflex (VOR) (the head of the participants was immobilized), or optokinetic reflex (i.e., there were no objects moving along the visual field). Hence these global motion stimuli basically involved saccadic and smooth-pursuit movements.
Structural Images
High-resolution T 1 -weighted 3-dimensional magnetization prepared rapid gradient echo scans were collected: field of view (FOV) = 240 mm 2 , resolution = 0.75 × 0.75 × 0.75 mm, SENSE reduction factor = 1.5, repetition time (TR)/echo time (TE) = 11/ 4.5 ms, flip angle = 18°, sagittal orientation, number of slices = 200 covering the whole brain.
fMRI Blood oxygen level dependent (BOLD) images were collected for the task-dependent functional images using single-shot echoplanar imaging (EPI), with FOV = 250 mm 2 , TR/TE = 2000/30 ms, flip angle = 70°, in-plane resolution = 2 mm × 2 mm, slice thickness = 5 mm, number of slices = 30 covering the whole brain.
Diffusion Tensor Imaging DTI images were collected using a single-shot echo-planar spinecho sequence with the following parameters: total scan time = 8 min 15 s, image volumes acquired using 32 different diffusion sensitizing gradient directions at b = 1000 s/mm 2 , flip angle = 90°, FOV = 224 mm 2 , resolution = 0.875 × 0.875 mm 2 , slice thickness = 2 mm, number of slices = 60, TR/TE = 1031/55 ms, SENSE reduction factor = 2, and EPI factor = 59. Two b = 0 s/mm 2 images were acquired. All images were reconstructed to a 256 × 256 matrix.
Image Analysis fMRI
Following acquisition, fMRI data were reconstructed and preprocessed using AFNI (Cox 1996) as follows: (1) motion correction using a 6-parameter 3D registration of the functional and anatomical data sets (Cox and Jesmanowicz 1999) ; (2) 3D spatial registration to a reference acquisition from the first fMRI run;
(3) registration of functional images to the anatomical volume;
(4) De-spiking; (5) mean normalization of the time series; and (6) inspection and censoring of time points occurring during excessive motion (>1 mm) (Johnstone et al. 2006 ). Multisubject analysis was performed using an anatomical region-of-interest (ROI) approach that included 8 brain regions selected on the basis of the functional anatomy of the motor system including cerebellum and cerebral cortex. For the cerebellum, the anatomical parcellation was generated based on functional divisions: vermis, paravermal (intermediate, intCRB) region, lateral cerebellum, and flocculus-nodulus, as we have done previously (Solodkin et al. 2011) . Cerebral cortex ROIs were generated using the semi-automatic Freesurfer parcellation (Destrieux et al. 2010) . Alignment of fMRI to the anatomical images and ROIs was manually confirmed.
Structural Changes
Atrophy of each brain region was calculated based on the T 1 -weighted structural images normalized by cranial volume as previously reported (de Leon et al. 2001) . The linearity of the relationship between the volume of cerebellar regions and disease severity was obtained by Pearson's correlation with probability values corrected for multiple comparisons (Bonferroni) (Armstrong 2014). A 2-tailed Wilcoxon Rank Sum test was used to compare volumes between the control cases and SCA6 cases.
Statistical Maps
Statistical analysis of individual subject data was performed using a multiple linear regression, in which the signal time course for each voxel was compared with a reference waveform. The reference waveform was based on the convolution of a square wave with an empirical model of the hemodynamic response (Cox 1996) . Voxels were considered active if the single voxel P-value was <1 × 10 −5 and the voxel met a 3-dimensional contiguity requirement, requiring clusters (sets of contiguous voxels) to contain at least 3 voxels (53 mm 3 ). These values were determined following a Monte Carlo simulation that established a corrected whole-brain significance level (α < 0.05) (Forman et al. 1995) . The resulting clusters that survived both the initial F-test and the clustering threshold defined the presence of activation in the brain for each subject. Group frequency maps for controls and each stage of SCA6 severity were generated to depict the fraction of subjects per group that had activation in each voxel. Finally, to ensure that atrophy of the cerebellar cortices did not affect the amount of activation seen, we normalized active volumes by the total volume of each of the cerebellar cortices for each individual.
Effective Connectivity: Structural Equation Models
The secondary analysis was the construction of networks for corticocerebellar activity via effective connectivity. We built structural equation models (SEM), covariance structures constrained by known anatomy, using AMOS, as we have done before (Arbuckle 1989 (Arbuckle , 1992 . We measured the fit between predicted and observed covariance matrices using both χ 2 and explained variance to generate the SEMs (Solodkin et al. 2004; Walsh et al. 2008) . We generated both a group model (e.g., healthy controls) and individual models for each patient. To minimize variance within the group model, we modeled the time series from the peak voxel in each ROI as we have done before (Walsh et al. 2008 ) (Mashal et al. 2012 ). To quantify model differences between the group control model and individual SCA6 patients, we used a "stacked model" approach (McIntosh and Gonzalez-Lima 1994) as we have done previously (Solodkin et al. 2004; Walsh et al. 2008) . A Bollen-Stine bootstrap analysis was also performed to test the null hypothesis that each model had a good fit with the data. Using this approach, for each model, the data were re-sampled and re-fitted for a total of 2000 iterations. The goodness-of-fit (χ 2 ) obtained from the original model was then compared with those generated from the re-sampled data.
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(2) improving the tensor estimations by diffusion gradient reorientation (Leemans and Jones 2009); (3) estimating diffusion tensors using a linear least squares approach (dtifit function in FSL) with reconstruction of mean, axial, and radial diffusivities and fractional anisotropy (MD, AD, RD, and FA); and (4) manually segmenting the superior, middle cerebellar peduncles and the cerebral peduncles (ROIs) as we have done before (Walsh et al. 2008) . Due to large partial volumes, the inferior peduncle was not included in this analysis. Corrections to the data were performed as follows: SCP, MCP, and CP ROIs were manually drawn carefully to avoid the edges in the T 1 . We then applied a 12 degrees of freedom transformation to warp the T 1 into the b0 of the DTI. All ROIs were then visually inspected to ensure an accurate alignment. In the MCP and CP, because there was minimum distortion, and because we avoided the exterior portions, there were no errors to the alignment of those peduncles. Of the SCP ROI's that were misaligned, we then manually shifted those so that they overlapped more with the SCP as viewed in the diffusion images.
All DTI metrics (FA, MD, RD, and AD) were extracted on a voxelby-voxel basis from each ROI. Mean and median values of the diffusion metrics per group for each ROI were calculated. Voxel-wise frequency distributions for FA and RD in each fiber bundle were also calculated. Differences in distribution between the different SCA6 groups and the controls were performed and corrected for multiple comparisons with the Kolmogorov-Smirnov test.
Deterministic diffusion tensor tractography was performed using a Diffusion Toolkit and Trackvis Software ). The fiber assignment by continuous tracking, FACT, algorithm (Mori et al. 1999 ) was selected to create the tractography with stopping criteria of either a turning angle greater than 60°o r an FA value <0.20. From the tractography, the MCP, SCP, and CP were identified automatically and refined manually by removing obvious stray or false-positive tracts from each peduncle. For each peduncle the number of streamlines was calculated. Pathway weights were calculated via 2 methods: by multiplying the number of streamlines by the mean FA and mean inverse RD (1/RD) from all voxels with which each peduncle's streamlines intersected.
Age Correlations
To ensure that age did not affect the results, we performed a Pearson's correlation between age and all measures, including structural volumes, active volumes, and DTI measures, for the healthy control group.
Results

Oculomotor Disorders Along Disease Severity
Severity of SCA6, as assessed by SARAII score, was highly correlated with the number of oculomotor signs present on each patient (r = 0.72, P = 0.0052). However, there was no correlation between number of oculomotor symptoms and SARAII score (r = 0.21, P = 0.4817).
Structural Changes in Cerebellum
The degree of atrophy based on the normalized T 1 -weighted ROIs varied among patients ( Fig. 1) but on average, all cerebellar regions were atrophic in the SCA6 cases compared with controls (vermis, P = 3.76e−8; intermediate, P = 1.15e−9; lateral, P = 7.66e −9). In addition, Pearson's correlation showed a significant relation (P < 0.02 after Bonferroni correction) between SARAII scores and the volumes of vermis (r = −0.64, P = 0.013) and the lateral cerebellum (r = −0.66; P = 0.011) but not for the intermediate cerebellum (r = −0.58; P = 0.029), as shown previously (Solodkin et al. 2011 ).
Statistical Activation Maps
The distribution of brain activation during the visualization of the walking-landscape videos in healthy controls and SCA6 patients showed both similarities and differences (Figs 2 and 3) .
The stimuli evoked widespread activation in the cerebral cortex in all subjects, including premotor regions, the postcentral sulcus, the medial frontal gyrus (frontal eye fields, FEF), inferior and superior parietal (iPAR, sPAR) lobules (including the intraparietal sulcus) and widespread occipital areas (including MT and MST). In contrast, whereas increased activation in vermis and intermediate cerebellum was seen in healthy controls and presymptomatic cases, individuals with greater disease severity had less activation in these regions, and instead showed increased activity in the lateral cerebellum. Finally, individuals with the highest severity of disease were devoid of this lateral cerebellar activation. Results after volume normalization were consistent with those seen prior to normalization.
Effective Connectivity: Structural Equation Models
Given that the different functional regions of cerebellum (vermis-intermediate-lateral) are not intrinsically interconnected, the shifting of the activation from spinal to lateral cerebellum should originate extrinsically. Since the main input to lateral cerebellum comes from the cerebral cortex (via both pons and the inferior olives) that was heavily active during the task, we considered the cerebral cortex a suitable candidate mediating this shift. We used SEM analysis to assess effective connectivity between cerebral cortex and cerebellum (Walsh et al. 2008 ). All SEM models generated had a good fit (χ 2 > 0.06) and each node had variance explained between 55 and 94%. Additionally, the Bollen-Stine bootstrap analysis showed that all models had a good fit.
Group Model for Healthy Controls
Connectivity among occipital and temporal regions exerted multiple influences over parietal regions that in turn influenced the FEF (Fig. 4) . In contrast, connectivity to and from cerebellum was more restricted since the intCRB was the sole locus establishing significant connections with iPAR and the FEF.
Network Changes in SCA6
The networks associated with presymptomatic and early cases (SARAII = 2-4) shared features with the group control model; the connections between occipital and temporal regions and parietal and frontal regions remained constant. However, the strong connectivity between sPAR to iPAR seen in controls was not present, and a new association between the occipital regions and the FEF appeared at this early stage. Additionally, the activation in the intCRB was driven by both the iPAR and the mTEMP (Fig. 4 ; stacked model, P < 3.6e−12; Bollen-Stine bootstrap, P = 0.219).
In more advanced disease (SARAII 9-18), effective connections associated with the cerebellum showed profound differences compared with the group model ( Fig. 4 ; stacked model, P < 3.2e−35; Bollen-Stine bootstrap, P = 0.142). A new cortical influence on the intCRB included the occipital regions and more importantly, the lateral cerebellum at this point was driven by connectivity from mTEMP, inferior and superior PAR and the FEF. Concomitant with these changes was a disappearance of heavy influence between occipital and the FEF.
In the most advanced cases (SARAII > 18.5), cerebellar networks were less distributed. There was a paucity of connectivity between the cerebellum and the cerebral cortex along some cortico-cortical connections associated with mTEMP ( Fig. 4 ; stacked model, P < 3.9e−26; Bollen-Stine bootstrap, P = 0.401).
White Matter Changes
Peduncle Volumes
The average volumes of the superior and middle cerebellar peduncles (SCP and MCP) and the cerebral peduncle (CP) were lower in SCA6 cases compared with healthy controls (Wilcoxon Rank Sum Test: P = 0.0, 0.05, 0.05 respectively). In the MCP and CP, a trend toward reduced volume with increased disease severity was observed, beginning with presymptomatic individuals continuing through the more severe cases (SARAII >18.5) (Fig. 5 ), though these changes were not statistically significant (Spearman's rank correlation). (Table 2 and Fig. 6 ). The main difference when compared with controls was a decrease in RD in presymptomatic cases followed by a progressive increase in moderate and severe cases. This trend was inverted in FA whose values increased in presymptomatic individuals, subsequently decreasing in moderate and severe cases.
Middle cerebellar peduncle. The MCP showed limited changes in DTI metrics along the progression of the disease. The differences were more apparent when comparing patient data with controls ( Table 2 and Fig. 6 ) where we found an increase in RD apparent at all SCA stages.
Cerebral peduncle. The profile of DTI changes in the CP in some ways resembled those in the SCP (Table 2 and Fig. 6 ), although the magnitude of the changes was smaller.
Statistical distributions. In order to understand the differences seen between SCA6 and controls with more precision, we performed analysis at the single voxel level to determine concrete differences in the statistical distributions as we have done before (Solodkin et al. 2013 ). This analysis comparing SCA6 to healthy controls with the Kolmogorov-Smirnov test showed significant differences in the distribution of FA and RD. The only comparisons that were not significant included the RD in the CP in the presymptomatic group and FA in the SCP in the severe group (Table 3) .
We determined if there was a shift in the distributions of FA and RD between the control and the SCA6 groups. This analysis showed that in the CP, RD distribution compared with controls was shifted to the left in presymptomatic cases (P = 5.79 e−4) and moderate cases (P = 1.01 e−6) and to the right in severe individuals (P = 6.53 e−25). In contrast, in the SCP there was a shift in the distribution of FA to the right in both presymptomatic (P = 5.97 e−20) and moderate individuals (P = 1.0 e−25). In severe cases, the trend inverted but the leftwards shift did not reach significance after correction for multiple comparisons (P = 8.0 e−3).
Peduncle weights
The structural weights of each peduncle normalized by FA (FA × number of streamlines) and by RD (1/RD × number of streamlines) were decreased in SCA6 compared with controls (Fig. 7) . In the CP, weights were significantly decreased in SCA6 when compared with controls for both FA-normalized weights (P = 0.0013, t-test) and RD-normalized weights (P = 0.0028, t-test). In the SCP and MCP, the decrease in RD-normalized weights followed a linear trajectory, where the weight correlated with SARAII score significantly for both peduncles (P = 0.0105 and P = 0.0452 respectively, Pearson's correlation). The decrease in FA-normalized weights correlated with SARAII score significantly only in the MCP (P = 0.0073, Pearson's correlation).
Age Assessment
There was no correlation between age and any of the DTI metrics (FA, MD, RD, and L1) for all peduncles in the healthy control group (P > 0.05, Bonferroni correction threshold set at 0.0042 for significance). In addition, there was no relationship between age and total activation in each cerebellar hemisphere (Bonferroni correction, P = 0.0083). Therefore, none of the current results reported were confounded by age effects.
Discussion
Patterns of Cerebellar Activation are Associated with Disease Severity
A salient result of the current study is the increase in BOLD volumes and subsequent shift of activation from vermis (in controls and presymptomatic individuals) to the lateral cerebellum in moderate and severe SCA6 cases during a visual task involving saccades and smooth-pursuit movements. Whereas vermal fMRI activation in controls is not surprising because of its ample role in the regulation of saccades (McDowell et al. 2008; Kheradmand and Zee 2011; Liem et al. 2013) , the increase in activation in Figure 2 . Functional brain activation in cerebellum during an eye movement task. Active volumes (yellow/green) shown in control cases (C) and in increasing severity cases of SCA6. Activation in controls is seen in cerebellar vermis that increases in presympomatic and early cases (SARAII 0-2). Cases with mild severity (SARAII 10-15), see a decreased activation in vermis accompanied by an increase activation in lateral cerebellum which decreases in the more severe cases (SARAII = 26). presymptomatic SCA6 patients could be due to the early alterations in saccadic movements (Christova et al. 2008) . In contrast, the shift of activation from spino-to cerebro-cerebellum in moderate and severe SCA6 cases is intriguing since these functional cerebellar regions have marked differences in connectivity: the former with somatosensory nuclei in the spinal cord and medulla and the latter with the cerebral cortex (Stoodley and Schmahmann 2010; Prevosto and Sommer 2013) . In order to understand these changes better, we further investigated functional and structural connectivity of cerebellar circuits.
Patterns of Cerebellar Connectivity can be Described in Stages
Effective connectivity models in healthy controls during the visual task show 2 salient links: (1) a feed-forward influence of visual association cortices (occipital and temporal) on parietal regions that in turn influence the FEF and 2) a top-down modulation of the paravermal cerebellar region from the iPAR lobule. This pattern is in agreement with a previously described cortico-cortical network (Lynch and Tian 2006) suggesting that saccadic and smooth-pursuit movements critically depend on 2 hubs, one in Figure 3 . Group frequency maps of functional brain activation in cerebellum. Fraction of subjects with activation in each voxel is shown in control cases and in each stage of SCA6 severity ( presymptomatic/early, moderate, and severe), with hotter colors depicting higher fraction of subjects. Note the increase in vermis activation in the presymptomatic/early stage, followed by a spread to lateral cerebellum in the moderate stage, and a decline in activity in the severe stage.
Early Shifts in Cerebellum in SCA6 Falcon et al. | 7 by guest on November 4, 2016 http://cercor.oxfordjournals.org/ the temporal lobule (regions MT, MST) encoding motion in a retinal coordinated system and the FEF representing the motor output (Voogd et al. 2012) . Links between and toward these hubs are formed by association regions in the parietal lobule, and by occipital visual regions providing sensory input to the temporal hub. Early changes in effective connectivity were detected in SCA6 presymptomatic cases and continued throughout disease progression. Based off of these changes, we classified 3 stages of disease severity that also paralleled progressive SARAII scores, average number of oculomotor signs, and patterns of fMRI activation. The progression of connectivity changes linked to each stage is as follows:
Stage 1 (SARAII = 0-4, 1.5 Average Oculomotor Signs) Contrary to early assumptions regarding the pathology of SCA6 as a uniquely cerebellar ataxia (Zhuchenko et al. 1997) , we show that cortico-cortical connectivity is functionally altered early with a decrease in the strength of connections among parietal cortices and increased effective connections between occipital regions and the FEF. This reorganization at the level of cortico-cortical connectivity is accompanied by an increase of novel top-down influences from the temporal regions to the intermediate cerebellum. Because the reorganization of effective connections in presymptomatic and early symptomatic subjects runs parallel to the increase in vermal activation, we explored the possibility of a top-down influence from FEF to vermis using SEM (Voogd et al. 2012 ). However, we were unable to achieve a good model fit. Thus we hypothesize that an alternative explanation for this increased activation could be the result of a decrease in cerebellar efficacy resulting from the primary damage to Purkinje neurons in vermis that occurs early in the disease (Cricchi et al. 2007 ). In turn, this additional activation can indirectly generate a systemic modulation of the cerebral cortex via the ascending reticular system (Eccles et al. 1975 ) producing the cortico-cortical reorganization detected at this stage.
Stage 2 (SARAII = 9-18, 2.4 Average Oculomotor Signs) Characterized by the appearance of new functional descending control from several cortical regions (FEF, mTEMP, iPAR, sPAR) onto the lateral cerebellum, this is the critical point at which the activity originally located in the vermis during the visual task is now decreased and instead, lateral cerebellum is now active. Previous fMRI studies have shown that saccadic movements produce consistent activation of the vermis and the paravermal regions (for review, see Voogd et al. 2012 ) and the lateral hemispheres only if the visual task implies a cognitive load such as attention or memory demands (Stephan et al. 2002; Nitschke et al. 2004) . This perspective fits with the traditional view that the modulation of eye movements by the cerebellum is associated with the vestibulocerebellum for reflexive modulation (e.g. VOR), the control of dynamics of saccades and smooth pursuit by the spinocerebellum (McDowell et al. 2008; Kheradmand and Zee 2011) , and modulation of complex eye movements involving cognitive demands by the cerebro-cerebellum (Schmahmann and Caplan 2006; Strick et al. 2009; Prevosto and Sommer 2013; Koziol et al. 2014) . Thus the mechanism for the shift in activation from spino-to cortico-cerebellum is intriguing since anatomically there is no intrinsic connectivity linking them and behaviorally there is a clear difference in the roles associated with each Table 2 Diffusion tensor metrics ± their standard deviation in pathways associated with cerebellum FA MD L1 RD cerebellar domain. In Stage 2, although volumes of activation in the cerebral cortex do not change, cortico-cortical effective connections do change, increasing in number and strength between many regions and thus generating a different neural context (Walsh et al. 2008) . This stronger cortico-cortical network can in turn produce a concomitant increase in top-down regulation in widespread regions in cerebellum. That is, as the weight of the cortico-cortical connections increases, these cortical regions expand their influence on to the lateral cerebellum. In turn, this up-regulation of the activity in lateral cerebellum can produce positive feedback back to cerebral cortex via the SCP.
Stage 3 (SARAII >18, 2.75 Average Oculomotor Signs) This stage is characterized by a paucity of any significant influence from the cerebral cortex to the cerebellum despite the persistence of some relatively stable cortico-cortical connections. At this stage, cerebellar degeneration becomes generalized and in consequence, it is possible that transneuronal degeneration affects additional brain regions including primary motor cortex, brainstem nuclei, thalamus, and basal ganglia (Gierga et al. 2009; Wang et al. 2010) . As a consequence of this widespread cerebellar degeneration, its influence over cortical upper motor neurons can decrease and hence along the descending influences. This decrease in effective connectivity has also been related to atrophy associated with other neurodegenerative disorders (Dennis and Thompson 2014; Thomas et al. 2014 ).
The Activation Shift may be a Compensatory Mechanism Against Neurodegeneration
It is interesting to speculate whether the activation shift has an adaptive, functional role reminiscent to what occurs after motor stroke where brain regions are recruited to control upper extremity movements (Ward and Cohen 2004; Grefkes et al. 2008) or to increase activity in degenerative disorders that modulate the progression of symptoms (Kloppel et al. 2009; Savioz et al. 2009; Scheller et al. 2013) . The involvement of the lateral cerebellum in SCA6 may be interpreted as a compensatory response to either maintain functionally sound eye motor control in the presence of vermal degeneration (Kloppel et al. 2009 ) or by prolonging the anatomical integrity of regions not yet in overt degeneration.
Because vermal degeneration appears early in the disease (Cricchi et al. 2007 ) followed by other cerebellar regions (Geschwind and Galaburda 1987; Sasaki et al. 1998 ), we suggest a compensatory mechanism associated with the survival of cerebellar regions not yet in degeneration (also known as lateral cerebellum). Several mechanisms are thought to drive compensatory activity, including synaptic scaling, increased size of surviving synapses, neuritic outgrowth, and firing rate regulation (Savioz et al. 2009; Abuhassan et al. 2014) . Another alternative is the recruitment of silent synapses, which refer to connections without physiological effect when the presynaptic neuron is activated, that become active under certain pathological conditions (Jahromi and Atwood 1974 ) (Atwood and Wojtowicz 1999) . One of the proposed mechanisms by which silent synapses become active is based on homeostatic plasticity (Wojtowicz et al. 1991; Kerchner and Nicoll 2008; Cabezas and Buno 2011; Funahashi et al. 2013) , where global activity modulates the synaptic strength (Nakayama et al. 2005; Savioz et al. 2009 ). In the cerebellum, silent synapses have been suggested to account for 80 to 98% of synapses between parallel fibers and Purkinje cells (Losi et al. 2002; Ito 2006; Dean et al. 2010) . These become functional with repeated stimulation (Ito 2006; Porrill and Dean 2008 ) elicited by either LTP or LTD (Hess et al. 1996; Hoffland et al. 2012 ). Hence, the novel top-down activation from cerebral cortex to the lateral cerebellum could in fact activate these silent synapses and thus delay the ongoing disease-related damage.
Functional Network Changes are Accompanied by Structural Pathway Changes
While pathway degeneration associated with overt neuronal death is detectable, methods to assess structural changes in pathways associated with functional regulation were not obvious until recently . One can expect that overt degeneration of Purkinje cells in moderate and severe SCA6 cases produces increased RD, decreased FA and decreased number of streamlines in cerebellar peduncles with the consequent decrease in the weight of these pathways. Smaller degenerating pathways in turn can result in lower levels of cerebral cortex activation.
In contrast, expected changes in presymptomatic cases or in the cerebral peduncles (far removed from Purkinje degeneration) are harder to imagine. Yet the SCP, the main output from cerebellum to the cerebral cortex via thalamus, shows not only the largest changes in presymptomatic and early symptomatic SCA6 patients, but also these results are counterintuitive. Opposite to the effects of degeneration, in the SCP, RD decreases more than 20% and FA increases >10%. Concomitant to this, there is a decrease in peduncle volume, number of streamlines and pathway weight that could be explained by the presence of thinner axons compared with those in healthy controls. Thinner axons would act as barriers to water flow in the radial direction both intra and extra-cellularly, causing the decreased RD and increased FA seen in early cases (Beaulieu 2002; Song et al. 2002; Nilsson et al. 2013 ) and potentially producing an increase in variance of activation in cerebellar outputs (Swindale 2003; Seidl 2013) . Afterward, the typical increase in RD and decrease in FA is detected. This result is not surprising in the most severe cases since a recent report showed degeneration of the dentate nucleus in SCA6 where the pathway originates (Stefanescu et al. 2015) . The pathway size and number of streamlines does not decrease parallel to this, perhaps due to partial volume effects in this small pathway.
Surprisingly, the CP shows similar trajectories to those seen in the SCP, although on a smaller scale probably due to the direct contact of SCP with the primarily degenerating Purkinje neurons on the one hand, and the heterogeneous anatomical composition of the CP on the other (Wakana et al. 2004; Ramnani 2006; Ramnani et al. 2006; Ramnani 2012) . Of the many pathways comprising the CP, it may be expected that the cortico-pontine fibers would be the most affected. As the illness progresses, the remaining pathways within the CP may be affected (Smith 1975; Uchino et al. 2006 ) as degeneration in SCA6 spreads including layer V neurons in M1 (Gierga et al. 2009) . At this point, the MCP, which forms the input from pons to cerebellum, is also affected perhaps in the anterograde and retrograde directions as a consequence of cerebellar degeneration (Sasaki et al. 1998; Ishikawa et al. 1999) .
When detecting decreased FA and increased RD, it is worth addressing a limitation of the diffusion tensor model, the effect of partial volume voxels containing tissue and cerebrospinal fluid (CSF), which would exaggerate RD values and reduce FA (Vos et al. 2011) . Under these conditions, the number of streamlines can be underestimated by the premature termination of the tracking algorithm. However, 2 key points suggest this was not the case in our calculations. First, although the peduncle most likely affected by CSF is the SCP due to its location and small size, early cases display an initial decrease in RD followed by a decrease with disease progression. Second, this trend is also seen in the CP, which because of location and size should not have this potential artifact.
Summary
Key findings in this study reveal parallel structural and functional changes in different stages of SCA6. Importantly, although SCA6 is commonly referred to as a pure cerebellar ataxia, our observations demonstrate widespread functional changes involving the cerebral cortex even before the first clinical symptoms have manifested. Finally, we propose that those changes have a compensatory nature, allowing the cerebellum to counteract or delay the effects of the neurodegeneration, making them essential in understanding the nature of SCA6 pathology.
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